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SUMMARY
The gas-adsorbate equilibria of ethylene-propane and
ethylene-propylene mixtures on silica gel at 000C, 2500 and
400C and at one atmosphere total pressure were determined,
and the results were correlated by a modified Van Laar
procedure. The modified Van Laar correlation, which has
little theoretical basis, requires the isotherms of the
pure gases between 0 and 760 mm. Hg pressure and at least
two experimental mixture points at the same temperature.
The relative volatilities of ethylene with respect to
propane on silica gel are approximately two and those of
ethylene with respect to propylene are approximately eight.
In the temperature range from 000 to 40C the relative
volatilities for both systems decreased slightly with
increasing temperature.
The calculated differential heats of adsorption for
the pure gases fell mostly between 6,000 and 7,000 calories
per gram mol of gas adsorbed. The adsorption of ethylene,
propane and propylene on silica gel is unimolecular and
represents physical adsorption.
A volumetric method was used to obtain the adsorption
data. Equilibrium was approached very closely in the
mixture runs. The ethylene and propane isotherms represent
true equilibrium. Hysteresis and drift evident during the
propylene isotherm runs were probably caused by the
impurities in the propylene used in this investigation.
The propylene adsorption data should be checked with pure
propylene, to determine what effect, if any, the impurities
had on the propylene results reported herein.
During any isothermal chan6e in adsorbate composition
at one atmosphere of pressure, the ratio of the amount of
propane transferred to the amount of ethylene transferred
is equal to a constant. This constant is equal to the
ratio of the amount of pure propane adsorbed to the amount
of pure ethylene adsorbed at one atmosphere and at the
same temperature as the mixture.
Both the chemical structure and the molecular weight
are factors which determine the adsorption of a gas on
silica gel. Olefins are attracted more strongly to the
silica gel than paraffins and heavy molecules are attracted
more strongly than light molecules.
It is possible to calculate the number of theoretical
equilibrium steps required to separate a binary gas mixture
into its two components by an adsorption process similar to
fractional distillation. A method is outlined in the
'Discussion' and is similar to the method used to calculate
the number of theoretical plates required by a distillation
column.
INTRODUCTION
At the interface between a solid and a gas, the
concentration of the gas molecules is usually greater than
in the gas phase beyond. The gas molecules on the solid
surface are said to be 'adsorbed'. The solid which takes up
the gas is called the 'adsorbent', the gas attached to the
surface of the solid is called the 'adsorbate'. When the
solid surface can take up only one molecular layer of
adsorbate the adsorption is called 'unimolecular'; when more
than one layer is adsorbed, it is called 'multimolecular'.
An atom located in the surface of a solid is subjected
to unbalanced forces, the inward pull being greater than
the outward forces. When an atom or molecule of the adsorbate
saturates some of the unbalanced forces of the surface, heat
is generally evolved. The enthalpy change for a system
undergoing adsorption is called the 'heat of adsorption'.
When a gas attaches itself to the surface of a solid, there
is either a weak interaction between the solid and gas,
similar to condensation, called 'physical adsorption', or
a strong interaction, similar to chemical reactions, called
'chemical adsorption' or 'chemisorption'. In physical
adsorption the heat of adsorption is of the same order of
magnitude as the heat of condensation of gases, in chemi-
sorption as the heats of chemical reactions. The heat of
adsorption is most frequently expressed as calories evolved
per mole of gas adsorbed.
When a gas is admitted to an evacuated adsorbent,
equilibrium is not, in general, attained instantaneously.
The pressure of the gas continues to fall for a period which
may be anything from a few seconds to many weeks, depending
on the state and nature of the system under consideration.
In the ideal case adsorption is a reversible process, and
the amount adsorbed at a given pressure is independent of
the side from which equilibrium has been approached. In
practice, however, the adsorption and desorption curves
frequently do not coincide - a phenomenon termed 'hysteresis'.
Hysteresis is often accompanied by a great decrease in the
rate of approach to equilibrium - an effect which is called
'drift'. The amount of gas adsorbed per gram of adsorbent
at equilibrium is a function of the temperature, the pressure,
and the nature of the adsorbent and the adsorbate. The amount
adsorbed is usually expressed as the number of moles taken
up per gram of adsorbent.
When the pressure of the gas is varied and the temper-
ature is kept constant, the plot of the amount adsorbed
against the pressure is called the 'adsorption isotherm'.
This relation is determined most frequently in adsorption
investigations. When the temperature is varied and the
pressure is kept constant, one obtains the 'adsorption
isobar'. The variation of the equilibrium pressure with
respect to the temperature for a definite amount of gas
adsorbed is expressed by means of the 'adsorption isostere'.
The most common method of making adsorption measure-
ments is the volumetric method. The adsorbent is contained
in a suitable chamber connected to the necessary manometers
and measuring burettes. The volume not occupied by the
adsorbent in the adsorbent bchamber is referred to as the
'dead space'. After preliminary evacuation a known quantity
of the gas under test is admitted to the adsorbent chamber.
The pressure in the dead space is read when equilibrium is
reached, and knowing the volume of the dead space, the
quantity of unadsorbed gas can be calculated. By subtracting
this from the total quantity of gas admitted, the amount of
gas adsorbed can be obtained. This method is satisfactory
when the pressure in the dead space is low. At high pressures
the amount of unadsorbed gas becomes an appreciable
proportion of the quantity adsorbed, and may even exceed it.
Errors in evaluating the volume of the dead space are then
reflected in the values for the amount adsorbed. The point
at which the amount of unadsorbed gas exceeds the amount
adsorbed depends on the design and packing of the adsorbent
chamber and on the nature of the adsorbent and adsorbate.
In the dynamic method, a current of negligibly
adsorbed gas, charged with the gas under test to a known
partial pressure, is drawn through a tube packed with
adsorbent until the issuing stream is identical in
composition with the entering one. The amount adsorbed is
then determined by direct weighing, the partial pressure of
the adsorbed gas in the mixture being taken as the
equilibrium pressure.
In order to eliminate the dead space difficulty at
high pressures, the amount adsorbed is often determined by
direct weighing. The success of this method is largely due
to a sorption balance developed by McBain and Bakr (6).
It consists essentially of a quartz spring, on the end of
which is hung a bucket, containing the adsorbent, and the
whole placed in a glass tube. Increases in weight are
followed by measuring the increase in the length of the
spring.
Obtaining adsorption measurements for gas mixtures,
requires a modified procedure. Usually the composition of
the unadsorbed gases is quite different from that of the
adsorbate. This makes it necessary to mix the unadsorbed
gases thoroughly and continuously, and to increase the
contact time between the adsorbent and unadsorbed gases for
attaining equilibrium. After equilibrium is reached, the
unadsorbed gases must be measured and analyzed. Knowing the
total quantity of each gas used and the quantity of each
gas unadsorbed, the composition of the adsorbate may be
determined by a material balance. An alternate method
employs the degassing of the adsorbent and the analyzing
of this gas.
If the surface of an adsorbent holds only physically
adsorbed gas, the purification is quite simple. Moderate
heating and complete evacuation of the system are sufficient
to overcome the binding forces between adsorbent and
adsorbate. One of the most effective methods of purifying
the surface prior to physical adsorption is to adsorb and
pump off repeatedly the gas whose adsorption is to be
studied. The removal of chemisorbed gas is much more
difficult. Often complete removal is impossible without
permanently injuring the surface of the adsorbent.
In the direct determination of the heat of adsorption
both isothermal and adiabatic calorimeters have been used.
In the isothermal calorimeter the heat evolved is allowed
to produce a phase change, such as the melting of ice. In
the adiabatic calorimeter the heat evolved is calculated
from the temperature rise of the system. In addition to
these direct methods of measuring the heat of adsorption,
the differential heat may be calculated indirectly with
the aid of the Olausius-Clapyron equation,
al1n p qLa(1/T-)]n - R
This assumes that the substance acts as a perfect'gas when
in the gaseous state, 'p' being the equilibrium pressure of
the gas phase in equilibrium with 'n' moles of adsorbate at
the absolute temperature 'T'. 'q' is the differential heat
of adsorption, 'R' being the perfect gas law constant.
Generally, the differential heat of adsorption decreases as
the quantity adsorbed increases. This indicates that the
first molecules condensing saturate the strongest attractive
forces on the solid surface.
The earliest correlation of adsorption with certain
physical properties of the adsorbed gases was made in 1814
by de Saussure (3) who found that the most easily condensible
gases are adsorbed in the largest quantities by a given
adsorbent. The adsorbabilities of different gases on a given
adsorbent run roughly parallel to the solubilities of the
gases in water, to their critical temperatures, and to their
van der Waals constants. Ohemisorption is specific, and
depends on chemical affinities. Therefore no general rules
cover chemisorption.
At constant temperature the adsorption of a gas increases
with increasing pressure. For many systems at small
adsorptions, the amount adsorbed increases linearly with
pressure. This is analogous to Henry's Law for the solubility
of gases in liquids. In other instances, Henry's Law does not
appear to hold even at very low pressures and concentrations.
In the majority of cases, the amount adsorbed at a given
pressure is lower than it would be if Henry's Law applied -
in other words, the adsorption isotherm is concave to the
pressure axis.
One of the earliest attempts to give quantitative
formulation to the adsorption isotherm beyond the Henry's
Law region is the so-called Freundlich isotherm,
n= kpc
where 'n' is the amount adsorbed per unit weight of adsorbent
under an equilibrium pressure of 'p', while 'k' and 'a' are
constants for a given system at a given temperature, 'c'
being always less than unity. The equation is purely
empirical and cannot in any case cover the whole isotherm,
for it does not reduce to the Henry relation characteristic
of low-pressure adsorption. At still higher adsorptions the
amount adsorbed increases only slightly with pressure. The
surface apparently becomes saturated with the adsorbate.
Since the adsorption process is generally exothermic,
the amount adsorbed at equilibrium decreases with increasing
temperature according to the principle of Le Chatelier. In
terms of the Freundlich isotherm 'k' diminishes and 'c'
increases with rising temperature; the latter statement
implies that Henry's Law is more nearly obeyed as the
temperature increases.
The quantity of a gas adsorbed by a given weight of
adsorbent varies greatly from one adsorbent to another. The
variation in adsorption must be due to at least two factors:
the area of the interface, and the chemical nature of the
solid surface. The more common adeorbents are activated
carbon, silica gel and other gels, chabasite and other
zeolites, clays, glass, metals and crystal surfaces. In
this investigation silica gel was used as the adsorbent.
Silica gel is prepared from the coagulation of a colloidal
solution of silioic acid. Some of the industrial uses of
silica gel are: dehydration and purification of air and
industrial gases; air conditioning; refining of petroleum
distillates; gas masks; catalyst carrier. Silica gel has a
marked affinity for water vapor, which it adsorbs up to
40 per cent of its weight.
Before the modern work on crystal structure had been
brought to fruition, it was believed that the range of
molecular forces was very considerable. Some theories of
adsorption, of which the best known is Polanyi's (8), were
worked out on this assumption. According to his view, the
forces of attraction reaching out from the surface are so
great that many adsorbed layers can form on the surface.
Since the.theory does not attempt to formulate an isotherm
equation, the scope of information obtainable from it is
limited.
A quantitative study of the field over the surface of
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a solid indicates that the forces responsible for adsorption
fall off very rapidly with distance, and become negligible
at distances very little greater than the diameter of a
molecule. Thus theadsorbed layer does not exceed one
molecule in thickness, except under special conditions.
Langmuir (5) arrived at this view from the following
considerations. X-ray examination of crystals suggests that
the forces holding together the atoms in the crystal must
be of short range and identical with the valency forces
holding together the atoms in a chemical compound. These
forces emanate from all aides of an atom, so that at the
surface of the crystal there will be unbalanced forces,
which will be capable of attracting molecules of a foreign
substance and holding them at the surface so as to form a
kind of extension of the space lattice.
According to Langmuir's (5) theory, a gas undergoing
adsorption will obey the following equation,
abpn =1 + bp
where 'n' is the amount adsorbed per unit weight of adsorbent
at an equilibrium pressure 'p'. 'a' and 'b' are constants
depending on the temperature and the nature of the system.
The Langmuir equation is perhaps the most important single
equation in the field of adsorption. Although there are at
present isotherm equations that fit experimental data which
do not obey the Langmuir equation, and others that fit the
data over a wider range, in most cases the starting point
in their derivations is the Langmuir equation.
A theory known as the multimolecular adsorption theory
11
was propounded in two papers; one by Brunauer, Emmett and
Teller (1) in 1938, the other by 'Brunauer, Demin6, Deming
and Teller (2) in 1940. It is based on the assumption that
the same forces that produce condensation are also chiefly
responsible for the binding energy of multimolecular
adsorption. This theory is the first attempt to give an
unified theory of physical adsorption. Its most general
equation includes five isotherm types as special cases and
describes the shape of each isotherm type through the entire
range of adsorption, from zero pressure to saturation
pressure, whereas previous equations have dealt only with
one type of isotherm at a time.
The adsorption of gas mixtures is of immense practical
importance. Most technical applications of adsorption
processes involve gas mixtures rather than one gas alone.
The charcoal in gas masks must remove small amounts of war
gases from a large excess of air. In the recovery of solvent
vapors like petroleum ether, benzene and alcohol, the
organic vapor is removed from air. The phenomenon of mixed
adsorption is encountered in the recovery of acetone, ethyl
and butyl alcohol from waste gases produced in fermentation
processes; in the recovery of benzene and light oil from
illuminating gas; in the purification of air in submarines;
in the purification of other gases, such as carbon dioxide,
hydrogen and ammonia; and in the refining of helium. These
are examples of mixed physical adsorption; mixed chemi-
sorption forms the basis of many important industrial
catalytic reactions.
Natural gas and refinery gases are becoming increasingly
important as raw materials for the manufacture of many
different chemical products. These hydrocarbon gases occur
as mixtures and must be separated into their individual
components for use in chemical manufacture. The lighter
components require refrigeration, which is costly, and
pressure, which decreases their relative volatilities, for
separation by conventional fractional distillation.
Adsorption was suggested as a possible means of separating
these gases at ordinary temperatures and pressures. The
present investigation studied the equilibrium of two binary
systems of these light hydrocarbons on silica gel.
Gas-adsorbate equilibrium can be treated similarly to
vapor-liquid equilibrium. The mol fraction of the more
volatile component in the gas can be plotted against the
mol fraction of the more volatile component in the adsorbate
to obtain an 'equilibrium diagram' or 'Y-X curve'. The
'relative volatility', W&, can be calculated for gas-
adsorbate equilibrium in the same manner it is calculated
for vapor-liquid equilibrium, that is,
Y,(.1-X )
= X1 .(1-Y,)
where Y, is the mol fraction of the more volatile component
in the gas and X, is the mol fraction of the more volatile
component in the adsorbate. In the cases where the relative
volatility for adsorption is different from that for
distillation at the same pressure, the adsorbent is said to
be 'selective' toward the component whose volatility has been
decreased by the adsorbent.
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PROCEDURE
The adsorption isotherms for the pure gases were
obtained by the volumetric method. Figure I shows a sketch
of the apparatus used. Additional apparatus consisted of a
vacuum pump, standard gas analysis pipettes, and a constant
temperature water bath with a circulating pump attached to
the thermostat. The adsorbent was a Refrigeration Grade silica
gel, 14/20 mesh, supplied by the Davison Chemical Corporation,
Baltimore, Maryland. The gases used were C.P. grade ethylene,
C.P. grade propane and 97% pure propylene obtained from the
Matheson Company, East Rutherford, New Jersey.
The apparatus is prepared for making adsorption measure-
ments as follows. One gram of silica gel is weighed to the
nearest tenth of a milligram and placed in the adsorbent
U-tube. Glass wool plugs weighing less than 30 milligrams are
packed lightly into each arm of the adsorbent U-tube above
the silica gel. The adsorbent U-tube is then sealed into the
apparatus as shown in the sketch. The adsorbent dead space
includes the capillary tubing running from the premix
chamber to the vacuum pump stopcock and the free space in
the capillary above the mercury level in the reservoir-
manometer. The dead space is evacuated while the adsorbent
is heated by a glycol-water mixture bath boiling between
160-170 0C. The adsorbent is cooled and the gas under test
is admitted to the adsorbent until a pressure of one atmos-
phere is reached in the dead space. The dead space is
evacuated and heated again. By repeating this performance
two more times, the adsorbent -surface is made relatively

free from impurities such as air and water vapor. The dead
space is then sealed off by closing the stopcocks. If the
pressure in the dead space as read from the resaervoir-
manometer remains a vacuum over night, the system can be
considered sealed properly.
The gas under test must be purged through the inlet
stopcock and out past the analysis pipettes for a few
minutes to insure the removal of gas impurities from the
inlet lines. The premix chamber, adsorption burette, and
capillary lines to the gas inlet stopcock are completely
filled with mercury. A sample of the gas under test is
brought into the adsorption burette. The mercury in the
capillary between the premix chamber and adsorption burette
is displaced by the gas. The gas sample is adjusted to
atmospheric pressure by means of the compensator manometer.
After the initial volume reading is made the compensator
tube is sealed off by closing the pinch clamp above the
manometer. Then the burette temperature and atmospheric
pressure are recorded.
Data for an isotherm is collected as follows. The
adsorbent thermostat is regulated to the temperature
desired. An ice bath is used for the 00C isotherms. The
25*0 isotherms are made with the water bath regulated to
within +.020, and the 40'0 isotherms are made with the
water bath regulated to within +*.lOC. The mercury level
above the reservoir-manometer is fixed always at a point
in the vertical capillary to insure a constant dead space
volume. The initial pressure reading is checked against the
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reservoir-manometer to obtain the correction term for
subsequent pressure readings. A few milliliters of gas are
taken from the adsorption burette to the premix chamber, and
then are let slowly into the adsorbent chamber. Equilibrium
is reached usually in about two minutes. Constant pressure
in the dead space is used as a sign of equilibrium attained.
The dead space pressure is read from the reservoir-
manometer. The volume of gas admitted is read from the
adsorption burette after the pressure of the gas in the
burette is balanced against the compensator tube. The
compensator tube eliminates the necessity of taking pressure
and temperature readings for the gas in the burette each
time a sample of gas is admitted to the adsorbent. Samples
of gas are admitted to the adsorbent until the dead space
pressure is one atmosphere. Desorption points are obtained
by returning increments of the ps to the adsorption burette
by means of the desorption pump. The silica gel then is
freed from gas by evacuation and heating, as in the initial
preparation of the gel for adsorption measurements.
The dead space is determined in a manner similar to
running an adsorption isotherm, except that an inert gas,
helium, is used. The helium is purged through charcoal
cooled by liquid air, in order to remove all adsorbable
impurities. The dead space is calculated, assuming the
perfect gas law governs, at three different pressures, and
an average value is used. The dead space must be determined
at each isotherm temperature, since the capillaries are
always at room temperature.
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The moles of gas in the dead space and adsorbed on the
silica gel are found from the volume of the gas admitted by
means of the perfect gas law. By using the compensator tube,
the moles of gas admitted can be calculated by multiplying
the volume decrease in the burette by a constant factor.
The moles of gas in the dead space are also calculated by
the perfect gas laws from the dead space pressure and
volume. The moles of gas adsorbed are determined by
subtracting the moles of gas in the dead space from the
total moles of gas admitted.
The binary gas mixture runs are made as follows. A
predetermined volume of each gas under test is first taken
into the adsorption burette. The volume, temperature and
pressure of the gas in the burette is read. The gas is next
placed in the premix chamber. When each gas is in the premix
chamber, the capillary between the burette and the premix
chamber must be full of mercury. The gases are well mixed
by means of a soft iron washer inside the premix chamber
and a magnet outside the chamber, which can be raised and
lowered. The washer spins rapidly when it is raised or
lowered, creating high turbulence. A half minute of violent
mixing is sufficient. The mixed gases are let into the
adsorption chamber and the reservoir-manometer until the
dead space pressure is at one atmosphere. The remaining gas
is passed over the adsorbent at one atmosphere by holding
the mercury levels in the manometer even. A soft iron
washer in the reservoir is used to mix the gases after
being passed over the adsorbent. The gases are passed
slowly back and forth between the premix chamber and the
reservoir at one atmosphere. They are mixed thoroughly
after each pass. Ten passes taking one hour total time are
used for the ethylene-propane mixtures. Sixteen passes
taking an hour and a quarter are used for the ethylene-
propylene mixtures. After the last pass is made the mercury
in the reservoir is brought to the measured dead space
level in the capillary while holding the pressure at one
atmosphere. The gas in the premix chamber is taken completely
into the adsorption burette and measured. The temperature
and pressure of the gas in the burette are recorded also.
The ethylene-propane mixtures are analyzed according
to the method proposed by Francis and Lukaslewicz (4). A
solution, made by dissolving 57 grams of mercuric sulfate
in 200 grams of 22% sulfuric acid, absorbs ethylene
irreversibly from the gas mixtures. A sample of the
unadsorbed gas mixture is fed to the analysis burette, which
always contains a drop of water above the mercury. The
capillary leading to the analysis pipette must contain only
inert gas such as propane or air. From five to ten passes,
depending on the initial concentration of ethylene, remove
the ethylene quantitatively. Knowing the composition of the
unadsorbed gas, the dead space volume and the total quantity
of each gas used, it is easy to calculate the composition
of the adsorbate, using a material balance. An alternate
method involves the degassing of the adsorbate by means of
the desorption pump and the application of heat. The desorbed
gas plus the unadsorbed dead space gas is measured and
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analyzed as above. This procedure may also be used to check
the material balance. The desorption pump can remove 99+%
of the adsorbate in the above procedure.
The ethylene-propylene mixtures are analyzed according
to the method proposed by Matuszak (7). Propylene is
selectively absorbed by 85% sulfuric acid. Since the propylene
is only 97% pure, the ethylene must be analyzed for also.
The unadsorbed gas sample is taken into the analysis burette.
About 20 milliliters of air are added to the gas in the
analysis burette. The volume is read before and after adding
the air. First the gas mixture is passed into the 85%
sulfuric acid until consecutive readings show a constant
incremental decrease of approximately 0.04 milliliter. The
gases are then passed into the 22% sulfuric acid solution
to remove the ethylene. The remaining gas is composed of the
added air and the inerts in the unadsorbed gas sample. Thus
knowing the composition of the unadsorbed gas, the dead
space volume and the total quantity of each pure gas used,
the composition of the adsorbate may be determined.
L'
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RE SULTS
The adsorption isotherms of ethylene, propane and
propylene on silica'gel were determined at 000, 2500 and
4000C at pressures between 0 and 760 mm. Hg. Figures II,
III and I show the isotherm plots made from the experimental
data as reported in Tables I, II and III. The differential
heats of adsorption calculated from the isotherm data are
presented in Figure V.
A total of 46 runs were made to determine the gas-
adsorbate equilibria of ethylene-propane and ethylene-
propylene mixtures on silica gel at 00C, 2500 and 400C and
at a total pressure of one atmosphere. The equilibrium
diagrams for the ethylene-propane mixtures are presented in
Figures VI, VII and VIII and the experimental results for
these runs are found in Table IV. A composite equilibrium
diagram made from the smooth curves through the individual
runs and showing the effect of temperature is presented in
Figure IX. The relative volatilities are presented in Figure
X. The total adsorptions and the component adsorptions for
the ethylene-propane mixtures are presented in Figures XI,
XII and XIII.
The experimental results of the ethylene-propylene
runs are found in Table V, and the equilibrium diagrams
made therefrom are presented in Figures XIV, XV and XVI.
The composite equilibrium diagram, relative volatilities,
component adsorptions and total adsorptions are presented
in Figures XVII, XVIII, XIX, XX and XXI respectively.
The mixture runs were correlated by a modified Van
r
a Laar procediure, TPb constants obtained from the above
correlation are presented in Table VI.
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Table I
Adsorption of Ethylene on Silica Gel at 0*C
Pressure -
1.9
7.6
23.4
67.9
133.3
226.4
350.4
476.1
631.6
745.5
mm. Hg Millimols adsorbed per gram
0.01185
0.05926
0.1694
0.3804
0.5976
0.8260
1&053
1.242
1.437
1. 561
Desorption
549 ,.5
295.6
100.1
62.4
27.3
8.4
1.346
0.970
0.5116
0.3704
0.2036
0.0818
Table I (Cont'd)
Adsorption of Ethylene on Silica Gel at 2500
Pressure - mm.
14.2
65*4
87.2
164.5
250,5
347.1
552.0
676.6
764.2
Millimols adsorbed per gram
0.03446
0.1567
0.2011
0.3320
0.4554
0.5743
0.7828
0.8884
0.9552
Desorption
644.3
489.7
310.4
231.5
107.0
26.5
0,8601
0.7203
0.5262
0.4231
0.2262
0.06797
Table I (Cont'd)
Adsorption of Ethylene on Silica Gel at 40OC
Pressure - mm. Hg
20.0
100.9
150 .3
214.1
342.5
444.0
620.3
763.7
Millimol s adsorbed per gram
0.03839
0.1578
0.2176
0.2883
0.4084
0.4936
0.6226
0.7178
Desorption
696.2
524.6
284.6
121.7
73.7
37.5
10.6
0.6771
0.5620
0.3648
0.1903
0.12775
0.07362
0.02752
Z8
Adsorption of
Pressure - mm. Hg
16.6
37*.7
64.4
93.2
129.3
218.4
298.8
429.4
587.1
762.6
Table II
Propane on Silica Gel at 00C
Millimols adsorbed per gram
0.2097
0.3805
0. * 5573
0.7127
0.8845
1.2336
1.4916
1.8467
2.2005
2, 5383
Desorption
668.9
501.1
264.6
109.4
73.2
29.4
2*3780
2.0348
1.4183
0.8284
0.6189
0.3657
Z9
Table III
Adsorption of 97% Propylene on Silica Gel at
000C and 40*0
Pressure - mm. Hg Millimols adsorbed per gram
O°C
51.1 1.037
95.2 1.446
151.7 1.876
213.8 2.033
354.9 2*512
428.4 2.600
564.9 2*889
762.1 3.131
400
52.9 0.4519
74.7 0.5628
93.4 0.6210
184.1 0.9136
249.4 1.0419
405.9 1.3448
503.2 1.4774
605.4 1.6008
764.9 1.7639
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Table III (Cont'd)
Adsorption of 97% Propylene on Silica Gel at 250C
Pressure -
4.4
34.2
71.4
74.2
91.6
155.4
194.3
198.3
271*.5
281.8
353.2
355.6
457.9
459.0
550.7
555.2
650.0
760.6
768.2
mm. HiS Millimols adsorbed per gram
0.1090
0.3738
0.7227
0.7596
0.7472
1.1250
1.1285
1.1683
1.4010
1.4725
1.5624
1.6328
1.8081
1.8137
1.9175
1.9283
2.0725
2.1840
2.1968
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Table IV
Gas-Adsorbate Equilibrium of Ethylene-Propane Mixtures
on Silica Gel at One Atmosphere
00C
Run No.
9
8
10
7
11
2
1
4
5
13
6
12
18
17
19
22
16
20
15
21
14
0.081
0.237
0.381
0.401
0.488
0.661
00762
0.868
0.953
0.045
0.156
0.233
0.265
0,348
0.491
0.626
0.769
0.919
Mol fract. ethylene
Gas Adsorbate
0.043 0.027
0.099 0.077
0.203 0.123
0.322 0.214
O.401 0.251
0.545 0.361
0.542 0.370
0.684 0.505
0.790 0.625
0.825 0.699
0.917 0.821
0.978 0.955
Millimols/gm.
Ethylene Propane
0.070 2.503
0.197 2.368
0.301 2.152
0.509 1.8366
0.570 1.703
0.765 1.351
0.780 1.330
1.007 0.986
1.181 0.708
1.263 0.543
1.435 0.313
1.548 0.073
25°C
o.066 1.400
0.218 1,174
0.309 1.015
0.352 0.977
0.440 0.823
0.575 0.596
0.697 0.416
0.828 0.249
0.910 0.080
Relative
Volatility
1.61
1.32
1.83
1.74
2.00
2.12
2.02
2.12
2.26
2.03
2.39
2.13
1.87
1,68
2.02
1.86
1.78
2.02
1.91
1.97
1.79
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Table IV (Cont'd)
40C0
Mol fract. ethylene
Gas Adsorbate
0.159 0.103
0.494 0.340
0.492 0.346
0.648 0.494
0.775 0.635
0.931 0.884
Millimols/gm.
Ethylene Propane
0.104 0.g91
0.306 0.594
0.312 0.588
0.414 0.425
0.499 0.286
0.633 0.083
Relative
Volatility
1.65
1.90
1.83
1.89
1.97
1.76
Run No.
28
26
27
25
24
23
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Table V
Gas-Adsorbate Equilibrium of Ethylene -Propylene Mixtures
on Silica Gel at One Atmosphere
Run No. Mol fract. ethylene
Gas Adsorbate
32 0.364 0.066
31 0.579 0.145-
30 0.711 0.207
29 0.682 0.238
33 0.814 0.362
34 0.903 0.541
35 0.948 0.745
36 0.989 0.885
39
38
37
40
41
42
43
44
45
47
46
0.248
0.526
0.628
0.817
0.908
0.968
0.321
0.563
0.703
0.852
0.935
0.037
0.123
0.195
0.397
0.597
0.807
o.o6o
0.159
0.270
0.471
0.705
Millimols/gm.
Ethylene Propylene
0.191 2,699
0.379 2.232
0.518 1.986
0.565 1.807
0.807 1.421
1.072 0.909
1,347 0.460
1.471 0.191
2500
0.074 1.946
0.216 1.547
0.327 1.353
0.558 0.847
0.721 0.487
0.847 0.202
4000
0.089
0.207
0.309
0.443
0.581
1.392
1.098
0.834-
0.499
0.243
Relative
Volatility
8.07
8.10
9.42
6.87
7.71
7.91
6.25
11.34
8.60
7.92
6.99
6.77
6.64
7.22
7.38
6.83
6.38
6.47
6.00
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Table VI
for the Modified Van Laar Correlation
Ethylene -Propane Mixture s
A B A B
Ethylene Propane
1.661 -502 1.012 -343.5
0.8415 -234.8 1.75 -370
0.596 -228 1.693 -312.5
Ethylene-Propylene Mixtures
Ethylene Propylene
2.05 -1175 0.324 -368.5
1.787 - 816 0.0962 -873
1.687 -721 1.208 -408
51
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DISCUSSION 
2
Apparatus arld Methods
The apparatus and method used for measuring the
adsorption isotherms ensured a high degree of precision
to the data. The dead space volume was-measured to the
nearest hundredth of a cubic centimeter. The amount of
gas in the dead space was always less than ten percent of
the amount of adsorbate. The dead space pressure was read
to the nearest tenth of a millimeter of mercury and the
gas volume was read to the nearest two hundredths of a
cubic centimeter.
The ethylene and propane used were 99+% pure, while
the propylene used had a maximum purity of only 97%. The
effect of the impurities on the behavior of the propylene
during adsorption was quite evident from a comparison with
the behavior of the two other gases during adsorption. The
adsorption data for ethylene and propane fell on smooth
curves, Figures II and III, while the scattering of the
propylene data, Figure IV, indicated a certain amount of
hysteresis. Also equilibrium was reached in a matter of a
few seconds during the ethylene and propane isotherm
measurements, whereas equilibrium was not attained after
hours of drift during the propylene isotherm measurements.
The magnitude of the error caused by the impurities in the
propylene isotherm data can be determined only by comparison
with isotherm data made with pure propylene on the same
silica gel.
The apparatus used in this investigation was designed
specially by previous workers to ensure the attainment of
equilibrium in the study of the behavior of gas mixtures on
adsorbents. Means are provided for thoroughly mixing the
gases and passing them over the adsorbent continuously at
the pressure required. Material balances can be made by
removing the adsorbate with the desorption pump, which is
followed by analysis of the gases.
The equilibria of ethylene-propane mixtures were
studied first at 0.0. Runs 1 and 2 were made to determine
how much time was required to reach equilibrium. In Run 1
ethylene was fed to the silica gel first at one atmosphere.
The propane was added at one atmosphere to give the required
mixture. Twenty passes about one hour were made. In Run 2
propane was fed to the silica gel first. Ethylene was added
to give the same mixture as in Run 1, and again twenty
passes were made. The results, found at Y = 0.54 in Figure
VI, indicated that equilibrium was approached very closely.
Since the relative volatility was not very large, the
remaining runs for the ethylene-propane system were made
with only ten passes, still taking about one hour. Runs 26
and 27 were made to determine the approach to equilibrium
with only ten passes. The results, found at Y = 0.5 in
Figure VIII, indicated ten passes were sufficient. A
material balance was made on Run 1 by desorbing the
adsorbed gases and analyzing them. The adsorbate composition
was calculated as 37.0% ethylene from the analysis of the
unadsorbed gases. Analysis of the desorbed gases gave the
-54
adsorbate composition as 36.1% ethylene. The solution of
mercuric sulfate in 22% sulfuric acid, used for analysis
of the ethylene-propane mixtures, was changed frequently.
This reagent removes the ethylene rapidly and is excellent
for the quantitative removal of olefins from paraffinsa.
Several runs were made in sequence without evacuating
the adsorbent chamber. The gas, which had to be displaced
for a new equilibrium composition, was considered as the gas
fed first to the silica gel. For those cases where the
adsorbent was evacuated and the gases were premixed, the gas
fed last to the premix chamber was considered as fed first
to the silica gel, because the gas remaining in the bulb
below the stopcock leading into the premix chamber could not
be mixed with the rest of the gases in the premix chamber.
It was noted in Figures VI, VII and VIII that the runs in
which ethylene was fed to the silica first fell on or below
the smooth equilibrium curves drawn through the data points.
The runs in which propane was fed to the silica first fell
on or above the equilibrium curves. In the cases where the
data points lay off the equilibrium curves the required
change in adsorbate composition was in the same direction
as the change which occurred during the run. This indicated
that the runs had not reached the equilibrium compositions
in those cases, For this reason the relative volatility
curves of Figure X were drawn between the ethylene fed
first and the propane fed first data points.
The equilibrium curves for the ethylene-propylene
mixtures were obtained with the use of propylene containing
s5
3.08% inert gas. The gas and adsorbate compositions were
calculated on a basis of 100% ethylene and pro.pylene. In
other words the total pressure was assumed to be equal to
the sum of the partial pressures of ethylene and propylene
only. Runs 29 and 30 were made first to determine whether
ten passes were enough to attain equilibrium. The results,
found at Y = 0.7 in Figure XIV, indicated that ten passes
were not enough to properly locate the equilibrium curve.
Thereafter fourteen passes taking an hour and a quarter
were used. Because of the presence of the inert gas, the
silica gel was evacuated after each run. The ethylene-
propylene data points fell into positions relative to the
smooth equilibrium curves similar to those noted in the
case of the ethylene-propane data points. The equilibrium
curves, Figures XIV, XV and XVI were as well defined by the
ethylene-propylene data points as those for the ethylene-
propane mixtures, even with the more intricate analyses and
higher relative volatilities of the former. The presence of
impurities in the propylene required the analysis for both
ethylene and propylene in the unadsorbed gases. The 85%
sulfuric acid used to absorb the propylene also absorbs
ethylene slightly. During the analysis, the gas mixture was
passed first through the 85% sulfuric acid until consecutive
readings showed constant decrease of approximately 0.04 cc.,
and then passed through the 22% sulfuric acid solution to
remove the ethylene. This constant value was multiplied by
the number of passes and added to the volume of ethylene
removed and subtracted from the volume of propylene removed.
Since the analytical procedure used for the ethylene-
propylene mixtures is more involved, more care must be
used to obtain results as accurate as those obtained from
the analytical procedure used for the ethylene-propane
mixtures.
Isotherms
The adsorption isotherms of ethylene, propane and
propylene, Figures II, III and IV respectively, are concave
to the pressure axis. This type of curve usually represents
the formation of a unimolecular layer of adsorbate.
Lansmuir's (5) adsorption isotherm equation,
n l+bp
was derived for unimolecular adsorption. This equation
can be rearranged as follows,
1 1 +1.
n = abp a
Thus a plot of i/n against 1/p should be a straight line
for a gas which obeys the Langmuir equation. The isotherm
data for ethylene and propane were plotted in this form in
Figures XXII and XXIII respectively. The ethylene data fell
nearer to a straight line than did the propane data. The
propylene isotherm data did not come close to a straight
line when plotted as above. The curvature of the n vs. p
plots for the propylene isotherms is noticeably different
from the curvature of the ethylene and propane plots.
Ryerson and Gines (9) obtained adsorption isotherms for
ethylene, propane and propylene on palladiumized silica gel,
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which obeyed Langmuir's equation. Therefore it appears very
probable that the propylene isotherm data in this
investigation did not obey Langmuir's equation because of
the influence of the impurities in the propylene used. The
Langmuir equation offers a means of extrapolating the
isotherms to higher or lower pressures and a means of
estimating the maximum adsorption for those systems whose
data it correlates.
The Clausius-Clapyron equation,
i1n p ~ R
a(1i/T)Jn R
was used to calculate the differential heats of adsorption
for the pure gases from the OCO and 400C isotherms. In
Figure V the heats of adsorption were plotted against the
amount of gas adsorbed. The surface of an adsorbent
normally varies from point to point in its free surface
energy. The points of maximum surface energy attract and
hold more strongly the adsorbed gas molecules. For this
reason the initial heats of adsorption are normally higher
than those occurring after the surface is partially covered.
The ethylene and propane curves show a normal trend, while
the propylene curve shows just the opposite trend.
Therefore the silica gel used in this investigation showed
a normal heterogeneity in regards to its surface energy.
The variation in the heats of adsorption is small. The
values range mostly between 6,000 and 7,000 calories per
gram mol. The latent heat of vaporization of propane is
approximately 4,000 calories per gram mol. The heat of
60
adsorption is about one and a half times the latent heat
of vaporization. Therefore the attraction between the
silica gel and the propane molecules adsorbed under the
conditions of this investigation is greater than the
attraction between the molecules of liquid propane at the
same temperature. Adsorptions at other temperatures may
be estimated by assuming constant heats of adsorption and
by applying the Clausius-Clapyron equation.
The adsorption isosteres show the variation of the
equilibrium pressure with the temperature for a given
amount of adsorbate per unit weight of silica gel. The
original isotherm data were replotted in the form of
isosteres in Figures )XXIV, XXV and XXVI. The equilibrium
pressure increases rapidly with increasing temperature for
the three gases studied. The slopes of the isosteres are
approximately the same for the three gases in the pressure
region between 100 and 800 millimeters of mercury, which
indicates that the heats of adsorption were about the same
for these gases in that region. The isosteres may be used
for interpolation within the temperature range studied. In
the cases where the isosteres are straight lines,
extrapolation offers a means of estimating conditions at
other temperatures.
Temperature Effect
One of the objects of this investigation was to
determine the effect of temperature on the gas-adsorbate
equilibria of ethylene-propane and ethylene-propylene
mixtures on silica gel at one atmosphere total pressure.
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Consequently the equilibrium diagram or Y-X curve was
determined for each system at 000, 25C00 and 4000C. The
composite equilibrium diagrams for the two systems, Figures
IX and XVII, indicate that there was only a slight
variation of the relative volatilities with the temperature
in the region studied, while the amount of adsorbate,
according to Figures XIII and XXI, varied considerably.
In each system the variation was in the same direction; the
relative volatilities decreased with increasing temperature.
This is indicated also by the plots of the relative
volatilities for the individual runs, Figures X and XVIII.
If one makes an assumption analogous to Raoult's Law
for vapor-liquid equilibrium, that there is no interaction
or interference between the components in gas-adsorbate
equilibrium, it is possible to calculate the Y-X curve from
the isotherms of the pure components. For a given gas
composition the amount of each component adsorbed is
obtained from the isotherm of the component at an
equilibrium pressure equal to the partial pressure of the
component in the gas. The calculated equilibrium diagrams
are presented in Figures XXVII and XXVIII. For both systems
stbd'ied the calculated Y-X curves are S-shaped. In the
upper region the relative volatilities decrease with
increasing temperature, as is true of the experimental
data. In the lower region just the reverse is indicated.
Therefore it is impossible to predict the temperature
effect from the isotherms of the pure components by
assuming no interaction, although the calculated curves
indicate only a slight variation of' the relative
volatilities with the temperature.
If the gase ob La~~-njtmui'r' i 4 ~
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f th gae ~eT "l" souherm equationP it
might be possible to predict the behavior of their mixtures
from Langmuir's equations for binary mixtures. In these
equations,
na= b,p, and n2 abp 2  ,
l+bp,+b2 p1 1l+bp,+b 2 p2
the subscript 1 refers to the more volatile 
component. The
relative volatilities 
at any temperature are constants and
are found by the following 
equation,
a 
-
-
b
Pan, a, ,
which is a combined rearrangement of the mixture equations.
The Lan6muir constants for ethylene and propane were obtained
from Figures XXII and XXIII. The calculated relative
volatilities at 000, 25%0 and400 are 1.50, 1.81 and 1.64
respectively. These values are fairly close to the actual
experimental results, but they do not show the same
variation with temperature. Therefore it is impossible to
predict the temperature effect for ethylene-propane
equilibrium mixtures on silica ge1 by using the Langmuir
constants, even though the isotherm data obey Langmuir's
equation. These equations indicate that the relative
volatility is independent of total pressure. The pressure
effect should be determined in future investigations.
If the surface of the silica Sel has the same relative
attraction for each gas in a mixture as it has for the pure
gases at the pressure of the mixture, it should be possible
to predict the temperature effect from the isotherm data.
The ratios of the more adsorbed to the less adsorbed gas
per unit weight of silica gel at one atmosphere were
calculated from the isotherm data for each system at each
temperature. These isobaric ratios are 1.61, 1.60 and 1.52
for ethylene and propane and 1.97, 2.30 and 2.48 for
ethylene and propylene at 0.0, 25*0 and 400 respectively.
The relative volatilities decrease with increasing
temperature. Therefore it is possible to predict the
direction of the temperature effect from the isobaric
ratios calculated from the isotherm data of the pure
components of a mixture of ethylene and propane. The
reverse trend in the case of the ethylene and propylene
ratios might be due to the impurities in the propylene used.
Adsorbent
It should be possible to determine characteristics of
the silica gel surface by studying its effect on the
composition of the adsorbate. The amount of one component
adsorbed was plotted against the amount of the other
component adsorbed per gram of silica gel for the two
systems investigated in Figures XXIX and XXX. The points
plotted were obtained from Figures XI, XII, XIX and XX for
total pressures of one atmosphere. The points for the
ethylene-propane mixtures fell on straight lines, while the
ethylene-propylene mixtures produced curved lines. Thus the
components of the ethylene-propane adsorbate compositions
can be related by an equation of the following type at
each temperature,
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n= .n(n,) + n*,
where the superscript 0 refers to the intercept or isotherm
value and the subscript 1 refers to ethylene, Any net
change in the adsorbate composition is governed then by the
following relation,
n.*
,6n. n•.
Therefore the straight lines for the ethylene-propane
mixtures indicate that the amounts of either pure gas which
could be adsorbed on any given area of the surface of the
silica gel are related by a constant ratio at any given
temperature,'and that this ratio determines the relation
between the amounts of adsorbed gas and desorbed gas for
any net change in adsorbate composition, and that this
ratio is obtainable from the isotherms of the pure gases.
Therefore the surface of the silica gel is homogeneous in
its relative attraction for the gases in ethylene-propane
mixtures, even though the heats of adsorption indicate that
the surface is heterogeneous in its quantitative attraction
for the adsorbate. In other words the adsorbate composition
is practically the same at all points on the surface of the
silica gel, while the adsorbate itself varies in density
from point to point on the surface, depending on the
magnitude of the free surface energy of the silica gel. The
former fact was anticipated in the prediction of the
temperature effect in the previous section, and will be
true for all systems whose adsorbate compositions give
straight lines when plotted as in Figure XXIX. It is
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apparent now that the-: slope or isobaric ratio is determined
by the relative attraction of the surface of the silica gel
for the components of an ethylene-propane mixture, and the
relative volatility also depends directly on the relative
attraction of the surface. The ethylene-propylene gas-
'adsorbate equilibria should be checked by using pure
propylene, in order to determine whether this system was
adsorbed heterogeneously because of the inherent properties
of the system or because of the impurities in the propylene
used in this investigation.
The relative volatilities of ethylene to propane on
silica gel were approximately 2 and those of ethylene to
propylene were near 8. This indicates that the relative
volatilities of propane to propylene would be about 4. The
corresponding average relative volatilities for vapor-liquid
equilibria at one atmosphere are approximately 24, 22 and
0.85 respectively. In each case the silica gel is selective
toward the more volatile component of the vapor-liquid
equilibria, which happens to be an olefin in these systems.
of
Thus both the chemical natureAthe components and their
boiling points are factors in determining the relative
volatilities of gas-adsorbate equilibria on silica gel.
Therefore it appears that silica gel could be used most
effectively as a means of separating olefins and paraffins
having nearly equal molecular weights or boiling points.
Further study should be made to determine the relative
effects of other chemical components on the gas-adsorbate
equilibria on silica gel and on other adsorbents.
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Correlation of Mixture Data
The other object of this investigation was to find a
correlation between the adsorptions of the pure gases and
the adsorptions of the ethylene-propane and ethylene-
propylene mixtures on silica gel at one atmosphere total
pressure. A means of correlation was found for the mixture
data similar to the Van Laar method used for vapor-liquid
equilibria.
By thermodynamic reasoning, Van Laar derived the
following relation for vapor-liquid equilibria involving
two components,
B/Tin =
'(1+AXI/Xs
where subscript 1 refers to one component and 2 to the
other, d is the activity coefficient, X is the mol fraction
of a component in the liquid, T is the absolute temperature,
A and B are constants depending on the system. The activity
coefficient for a component of a mixture is equal to the
partial pressure of the component divided by its mol
fraction in the liquid times the vapor pressure of the pure
component. The above equation was combined with the Duhem
equation, which resulted in the following relation,
AB/TIn T = (A + X2/X,)'
Thus it is necessary to obtain only one experimental point
to calculate the constants for the Van Laar equations for
vapor-llquid equilibria.
The similarity between vapor-liquid equilibria and
gas-adsorbate equilibria suggests the possibility of using
a Van Laar type of correlation also for the latter
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equilibria. The Duhem equation will not apply to gas-
adsorbate equilibria because of the presence of the
adsorbent in the system. Therefore the Van Laar constants
would be different for each component if the Van Laar
equations were applied to gas-adsorbate equilibria.
The activity coefficient for vapor-liquid equilibria
is a factor used to correct the partial pressure of a
component as predicted by Raoult's Law to the actual
partial pressure. Thus it is useful to know the relation
between X and X for any vapor-liquid equilibria. In gas-
adsorbate equilibria it is more convenient to correct the
amount of the pure gas adsorbed to the amount of the gas
adsorbed from a mixture at an equilibrium pressure equal
to the partial pressure. Thus for gas-adsorbate equilibria,
n
where the superscript 0 refers to the isotherm value. It
was found that the Van Laar equations gave a better
correlation of the mixture results when X0 was used
instead of X. The X's were calculated in the manner
discussed in a previous section for obtaining the curves
in Figures XMVII and XXVIII. Thus the use of the Van Laar
equations for gas-adsorbate equilibria does not have the
theoretical basis as does their use for vapor-liquid
equilibria.
The procedure used to obtain the constants, A and B,
was as follows. Six gas compositions were assumed for
each system studied. The partial pressures were determined
from the compositions at a total pressure of one atmosphere.
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The component adsorption from the mixtures were taken from
the smoothed curves in Figures XI, XII, XIX and XX. The
adsorptions of the pure gases were taken from the isotherms
in Figures II, III and IV. The activity coefficients were
then calculated for each gas in each mixture. The subscript
1 was used in each case to denote ethylene, the more
volatile component. Plots were made of X,/XO against 1//Tln 7,
for ethylene in Figures XXXI and XXXII, and of X2/XT against
1//Tln T for propane and propylene in Figures XXXIII and
XXXIV respectively. The mixture points fell fairly close to
straight lines, indicating that the Van Laar equations
correlate the adsorption mixture results when X is replaced
by X*. The slope and intercept are /~-/A and -1/A
respectively for the ethylene plots, and /X A and -A
respectively for the propane and propylene plots. The
constants thus determined were presented in Table VI. They
are different for each component at each temperature.
Therefore it is necessary to obtain the adsorption
isotherms for each pure gas and at least two mixture points
at the same temperature in order to determine the gas-
adsorbate equilibrium diagram by using the modified Van
Laar equations.
The Y-X curve was calculated for one of the systems
studied in this investigation, using the modified Van Laar
e1qations aMn thA ~nnstants obtained from the correlation
plots mentioned above. This calculated curve, plotted in
Figure XXXV, falls very close to the experimental points.
Two mixture points were chosen from the results of the
Figure .iA, ,
VAN LAR OT'CRELATTO
.0.........OT
..For Ethylene 'Adsorbed. on Sili
Pese.nce . -f Pr opan ....t - O~.• .
Total Pressure
. . • "
. ...K .. ..
.. :.
1.5
ca Gel ir_ the
:..
• : 7 - ---- --. . ...
I.H-
I-.----. . -
.... . .. .......... .+ ...
• i Y
40 C'
Yf
-A-1----_
I qC
n . OIn b - 4.A
0.04 0.08 0.12 
0.16
0.0
0.5
F
0.08
1 -T ýIn 91
0.12 0.16
0.04 Q08
I
*vfT- -TW
O.12 0.16
2.0
1.5
x;
0.5
Figure xxxII
VAN LAAR CORRELATION...... .. . ....
PLOT
For Ethylene Adsorbed on Silica Gel in the
S Presence _f Propylene .f O4e Atmopre...
Total Pressure
... . ... .... . . 0 C. 25
.4 Or,
r) .w R1
.. . ... . , ...... . ..  Ii
I . , .; "/
L - - -- ........ ' .
----.
£ .. . .
_ _.. .... _ _.. .. - ... .. ..... . .. ..... ... .... ..
0
0.04
Figure xxI3
he
25"C
1.5
x,
1.0
0.5
0.08
4/T Ind'1
0.12 0.16
2.0
VAN 
LA
For 
Propane Ac
Presence 
Of E•
Tara
VAN LA
For Propane Ac
Presence of Eti
ota
Irigur-e
\TANV AAP-CORRE7LATEtI
F~r fropqyIew- 'Adsorbed ion dcp
oei Tot.al,
I Ic
I .4/4 I
I' I 4 I4 4
lii 4.Li ii
I 7 4 K I
.1. .. ~ 4 4 4 4 .. . .. 4 . .4
4 I U 4
AI..
_______ _________________ 
-. - -----. - .- - - -
- ----. I.-.-----. -- .
I . I... * I *~ I *~
-I...
* .1 ~ ,...I.::: *~ ______________
I .. , . 4 II.:
4.
-~ . .i.l.j~
, . . . * I
-- ~1 I
, ........... I *
...I ~ 1 . I
____ 
I _________I H-~--~---:-----r---- - - -- -~ ____
4 . I . , 4V' -
4. j L.b I
I * I~ .4 i ~. 4
-~ 4
& I I
UK
I i I 4 I
I I 4 1 1
4 1 rnAA~ rn~I7~46U
0.08 0.16
1V i
0.24
4
3
xi'lX I
In : .
....... A A • --
u.32-Ill •lt.
7~~ 7
SCALCOLATED
E QUiLIBRIUM DIAGRAML
(Modified Van' Laar Method)
System - Ethylene, Propylen.e & Silica Gel
CoLnditions - 0C & L.Atmoaspber.
* - Experimental Points
0 1 .0 ..... ..
C
C
0.6
-4-
LAJ
c Van Laar Constants
0
o4- A = 2.05
o0.47 Ethylene -B -17
LL.
A a 0.3240 P...  pyLene. - B.a -36•65
0.2 These ct.nstants -were. obtained-
from a smooth curve through the
experimental points.
0 ...- D WLEL A .-_ -'4 .6
0 0.2 0.4 0. 6 0.8 1.0
X- Mol Fraction Ethylene in Adsorbate
-Figure ..A "• - .; .
CA CUL-ATED- -
.......EQUILBRIUM DAG.....DAGRAM-•..
(Modified. Van Loar Method)
System.- ehylene, Proyleine .& Silica e
Conditions - O0 C & I Atmosphere'
,1o - Experimental Points ...
1.0
So.8
• .
0.6
Van Loar Constants
c A 2.6
0. Ethylene -000.24 B -015 0 12u0
Aw - 0. 516
Mo FPropylene - BoB I 8.155
0
0.2 These constAnts *er-e htaine-d
from the' two experimentkal points
desigxnated. by "o' -
0 W-13'. D .B10 J146
0 0.2 0.4 0.6 0.8 1.0
X - Mol Fraction Ethylene in Adsorbate
Figure •lvI
CALCULATED
EQUILIBRIUM DIAGRAM_.
(Van Laar Method)
System - Ethylene, PFropylene & Silica Gel
Conditioans - O C & L Atmosphere
, 0 - Experimental Points1.0
0S0.8
0.6W*
C
0
Van Loor Con~stantsu 0.4
U . • /A z 0.59
B =1 -33 3.5
0 SThese constants, were obtained
' 0.2. -from the- experimeental point
> designated by: *o' and from the
adsorption isotherms of the pure
goses.
0 ... . _ . D.W B..... 1 .17- _ 46,
0 0.2 0.4 0.6 0.8 1.0
X - Mol Fraction Ethylene in Adsorbate
83
same system, and the constants were calculated from them.
The Y-X curve, calculated from these constants, shown in
Figure XXXVI, falls very close to the experimental points
also. For purposes of comparison, only one experimental
point was used to calculate one set of constants for the
same system. In this case the calculated curve, shown in
Figure XXXVII, does not fall as close to the experimental
points. Further investigation might be made to determine
whether the adsorption data for other systems can be
correlated by this modified Van Laar procedure.
Engineering Applications
If silica gel could be flowed through a plate tower
by a fluidizing technique, it might be possible to enrich
or strip gaseous mixtures flowing counter-currently. Thus
gas mixtures exhibiting reasonable relative volatilities
on silica gel could be separated similarly to fractional
distillation. It is necessary to have the equilibrium
diagram and the relationship between the amount and the
composition of the adsorbate at the same temperature, in
order to calculate the number of theoretical plates required
for any desired separation.
An example might serve to illustrate the method which
could be used to determine the number of theoretical plates
needed to give a desired separation. It is desired to
separate a 50 mol percent ethylene-propylene mixture at O°0
into 98 mol percent ethylene and 98 mol percent propylene.
Assume the adsorption tower is run isothermally and that the
adsorbate on the silica gel leaving a plate is in equilibrium
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with the gas leaving the same plate. Pure silica gel will
be added to the top plate and the adsorbate will be
completely removed from the silica gel in a desorber below
the bottom plate of the tower. Part of the gas removed by
the desorber will be returned to the tower in order to strip
the ethylene from the adsorbate below the feed entrance,
and rest will be removed as the propylene product. The gas
leaving the top plate of the tower will be collected as the
ethylene product. The feed will be added at a point in the
tower where the gas composition is nearest to that of the
feed. The following nomenclature will be used in the
derivations of material balance equations:
X = mol fraction of more volatile component in adsorbate.
Y = mol fraction of more volatile component in gas.
A = total mols of adsorbate passing from one plate to
next per unit time.
E = mols of gas rich in ethylene withdrawn as product
per unit time.
F = mols of mixture fed to tower per unit time.
G = total mols of gas passing from one plate to next
per unit time.
N = mols of adsorbate per kilogram of silica gel.
P = mols of gas rich in propylene withdrawn as product
per unit time.
S = kilograms of silica gel passing from one plate to
next per unit time.
Subscripts:
n refers to the nth plate from the bottom of tower.
1 refers to the 1st or bottom plate, etc.
E refers to the ethylene product.
F refers to the feed.
P refers to the propylene product.
The tower will be operated continuously and the
compositions at all points will be constant. By a material
balance around the entire tower and desorber,
F=E+P (1)
Considering only the more volatile component,
FYF = EYE + FYp (2)
By a material balance arournd the top of the tower and any
plate, n, above the feed plate,
Ge = A%+, + E (3)
Considering only the more volatile component,
G,,Y- = Ahf.gXg., + EYE (4)
By a material balance around the bottom of the tower including
the desorber and any plate, n, below the feed plate,
A".,= G. + P (5)
Considering only the more volatile component,
A%,1 XP.%1. = G-hY, + PY, (6)
A basis of 100 mols of feed per unit time will be
used. Substituting known values into Equations (1) and (2),
100 = E + P
(0.5)(100) = 0.98E + 0.02P
E = P = 50 mols.
It is important to know what the minimum amount of silica
gel is for a given set of conditions. The minimum amount of
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silica gel which can be used for a given separation would
require an infinite number of theoretical plates. In this
case, the compositions of the gas and adsorbate on the plate
below the feed plate are the same as the compositions on
the plate above the feed plate. The Y-X curve for this
system, Figure XIV, indicates that X, = 0.115 at Y, = 0.5.
The total adsorption plot, Figure XXI, indicates that
N = 2.69 at X = 0.115. For these conditions, Equations (3)
and (4) give
G = 2.69smin + 50min
0.5* = 2. 6 9(0.115)Smin + 0.98(50)
49 -25i 49 -. 125 = 23.2 kilogramsmin 2.69(0.5 -0.115)
For this example, 30 kilograms of silica will be used,
which is about 1.3 times the minimum value. Stepwise
calculations will be made beginning with the bottom plate.
On the bottom or first plate
X,= YP = 0.02
From Figure XIV
Y, =0.17
Substitution in Equations (5) and (6) gives
A 2,= , + 50
A2X2 = 0.17 G, + 0.02(50)
Since A1 = 30N2, these equations can be solved with the
use of the plot in Figure XXI. Solving gives
A 2 = 83.7
G, = 33.7
X 2 = 0.08
Figure XIV indicates that Y2 = 0.41 at X2 = 0.08. The feed
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will be added between the second and third plates, since
Y2 is close to the composition of the feed. Above the third
plate Equations (3) and (4) will be used. The procedure is
the same for each plate as it was for the first calculation.
The results of stepwise calculations are as follows,
X3 = 0.16 and Y3 = 0.59
X* = 0.31 and Y, = 0.78
X5 = 0.61 and Ys = 0.92
X 6 = 0.86 and Y6 = 0.975
Therefore six theoretical plates would be required to effect
the desired separation at 00 using 300 grams of silica gel
per mol of mixture fed.
In order to run the above tower isothermally, it is
necessary to have some idea of the magnitude of the heat
liberated and in what part of the tower it is liberated.
The results show that A6 = 50.4 and A, = 90. Fifty mols
of gas are adsorbed on the top plate and forty mols more
are adsorbed quite evenly among the other five plates. If
the heat of adsorption is considered to be constant at
6000 calories per mol adsorbed, 3000 calories will be
liberated on the top plate and 480 calories will be
liberated on each of the other plates per mol of mixture
fed. Six times as much heat is liberated on the top plate
as is liberated on each other plate.
The actual design of an adsorption tower will be
influenced greatly by the rate at which changes can take
place in the composition of the adsorbate with changing
gas compositions. The plate efficiencies will be dependent
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both on the rate of attaining equilibrium and on the rate of
gas flow required for the fluidizing of the silica gel.
Since the amount of adsorbate per unit weight of silica gel
increases as the mol fraction of the more volatile component
in the adsorbate decreases, the amount of adsorbate per unit
weight of silica gel will increase as the silica gel flows
down the tower. In this example the total pressure was
assumed to be constant at one atmosphere everywhere in the
tower. Actually there will be an appreciable pressure drop
through the tower due mainly to the presence of the silica
gel on the plates. This will further increase the ratio of
the amount of adsorbate at the bottom of the tower to the
amount of adsorbate at the top of the tower per unit weight
of silica gel.
The number of theoretical plates required for a given
separation will vary little with changes in temperature,
since the relative volatilities are effected little by
temperature changes in the systems investigated. The amount
of adsorbate per unit weight of silica gel, however, varies
greatly with small temperature changes, as Figures XIII and
XXI show. Therefore the minimum amount of silica gel required
for a given separation will vary greatly with temperature.
The pressure effect must be known also, in order to
determine the optimum operating conditions. An advantage of
separation by adsorption over separation by distillation is
the independence of temperature and pressure.
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OONOLUSIONS
The conclusions drawn in this investigation are listed below:
I. The apparatus and methods used in this investigation
provide a means of obtaining precise adsorption data.
2. The ethylene and propane adsorption isotherms represent
true equilibrium or reversibility.
3. The hysteresis and drift evident during the propylene
isotherm runs were probably caused by the impurities in the
propylene used in this investigation.
4. Equilibrium was approached very closely in the mixture
runs.
5. The adsorption of ethylene, propane and propylene on
silica gel between the temperatures OOC and 40aC and between
the pressures 0 and 760 mm. Hg is unimolecular and
represents physical adsorption.
6. In the above mentioned temperature and pressure ranges,
ethylene and propane obey the Langmuir isotherm equation
reasonably well, while propylene does not obey it.
7. The heats of adsorption for ethylene, propane and
propylene were nearly alike and somewhat greater than the
latent heats of vaporization.
8. The relative volatilities of ethylene-propane and
ethylene-propylene mixtures at one atmosphere of pressure
on silica gel varied only slightly between 00 and 40°0.
9. The above mentioned relative volatilities decreased
as the temperature increased.
10. The effect of temperature on the gas-adsorbate
equilibria of ethylene-propane mixtures on silica gel
could not be predicted from the isotherm results of the
1
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pure gases by using the Langmuir mixture equations.
11. Between 00 and 40o0 the relative volatilities of
ethylene-propane mixtures on silica gel varied with the
temperature in the same direction as the ratios of the mols
of propane adsorbed to the mols of ethylene adsorbed per
unit weight of silica gel at one atmosphere of pressure.
The ratios were calculated from the isotherm adsorptions
of the pure gases.
12. The above mentioned ratios are equal to the amount of
propane transferred divided by the amount of ethylene
transferred for any net isothermal change in adsorbate
composition at one atmosphere of pressure.
13. For ethylene-propane mixtures at equilibrium, the
adsorbate composition is essentially the same at all points
on the surface of the silica gel, even though the attractive
forces causing adsorption vary from point to point.
14. The silica gel was selective toward ethylene in the
gas-adsorbate equilibria of ethylene-propane and ethylene-
propylene mixtures at one atmosphere or pressure and
between OC and 4000.
15. Both the chemical structure and the molecular weight
are factors in determining the adsorption on silica gel.
Olefins are attracted more strongly to silica gel than
paraffins and heavy molecules are attracted more strongly
than light molecules.
16. The ethylene-propane and ethylene-propylene gas-
adsorbate equilibria data were correlated with the isotherm
data of the pure gases at the same temperature by Van Laar
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type equations,
17. The equilibrium diagrams for ethylene-propane and
ethylene-propylene mixtures on silica gel at one atmosphere
can be predicted from two mixture points at one atmosphere
and the isotherms of the pure gases at the same temperature
between 0 and 760 mm. HS pressure by means of the modified
Van Laar equations. These equations have little theoretical
basis for their present application.
18. It is possible to calculate the number of theoretical
equilibrium plates required to separate by adsorption a
given binary feed mixture into two purer products at a
given feed to silica gel ratio from the equilibrium diagram
and a plot of total mols adsorbed against the adsorbate
composition at the same temperature and pressure.
19. The minimum ratio of the weight of silica gel fed to
the mols of mixture fed per unit time depends on the
compositions of the feed and the products and on the
temperature and pressure in the adsorption tower. This
minimum ratio varies greatly with the temperature.
20. The temperature and pressure at which an adsorption
tower will operate may be fixed independently.
21. The amount of adsorbate per unit weight of silica gel
increases as the silica gel flows down the tower.
22. Most of the heat of adsorption is liberated on the
top plate of an adsorption tower.
I
RECOMMENDATIONS
It is recommended that:
1. The propylene isotherms and the ethylene-propylene
mixture data should be checked by using pure propylene. If
inaccuracies are found in the propylene results of this
investigation, calculations should be made with the accurate
data to determine whether Conclusions 11, 12 and 13 apply
to the ethylene-propylene system also.
2. The effect of total pressure on gas-adsorbate
equilibria should be investigated.
3. The effects of variations in chemical structure on
gas-adsorbate equilibria on silica gel and on other
adsorbents should be studied.
4. An attempt should be made to correlate other gas-
adsorbate systems by means of a modified Van Laar procedure.
APPENDIX
tf
CALCULATED DATA
Heats of Adsorption
The pressures listed below were used in the Clausius-
Clapyron equation, and were obtained from the 000 and 4000
isotherms.
Table VII
Heats of Adsorption
Millimoles adsorbed/
gram silica gel
O.1
0.2
0.3
0.4
0.5
0.6
0.7
Pressure
000
Ethylene
11.5
29
50.5
73.5
101.5
133
170
- mm. HS
4000 C
60.5
137
229.5
330
450
589
740
Calories/
gram mol
7,050
6,590
6,430
6,375
6,315
6,310
6, 240
Propane
0.2 13
0.4 38
0.6 69
0.8 108.5
1.0 154.5
Propylene
o,4 15
0.6 25
0.8 37
1.0 50
1.2 66.5
1.4 89
1.6 117.5
1.8 154
Langmuir Relative Volatilities
The slopes of Figures XXII
74
177.5
317.5
480
668
47
87
150
228.5
326
449
610
805
7,380
6,545
6,475
6,310
6,210
4,850
5,290
5, 940
6,450
6,750
6,870
6,990
7,015
and XXIII are 1/a,b, and
1/alb, respectively. The relative volatility of ethylene
with respect to propane is ab,/a,b,.
Table VIII
Langmuir Relative Volatilities
Temperature OOC 250C
Ethylene slope 157.8 393
Propane slope 105 217
Relative volatility 1.50 1.81
Isobaric Adsorption Ratios
40Q0
569
346
1.64
The ratios mentioned in the 'Discussion' were obtained
from the isotherm data at one atmosphere of pressure.
Table IX
Isobaric Adsorption Ratios
Temperature 000 250C 400C
Ethylene adsorbed 1.58 0.95 0.71
Propane adsorbed 2.54 1.52 1.08
Propylene adsorbed 3.12 2.18 1.76
Propane/Ethylene 1.61 1.60 1.52
Propylene/Ethylene 1.97 2.30 2.48
Activity Coefficients
The activity coefficients listed below were
from Figures II, III, XI and XII.
Table X
Activity Coefficients for Ethylene-Propane
00C 25*0
calculated
System
4000
0.1 0.390
0.2 0.460
0.3 0.509
0.4 0.582
0.5 0.637
0.6 0.698
0.7 0.777
0.8 0.853
0.9 0.927
(A plot of
a,
0.985
0.951
0.911
0.866
0.824
0.775
0.721
0.649
0.546
0.514
0.559
0.618
0.667
0.714
0.760
0.808
0.865
0.927
0.955
0.924
0.895
0.864
0.821
0.789
0.747
0.680
0.581
0.475
0.536
0. 600
0.644
0.686
0.737
0.779
0.836
0.892
0.941
0.915
0.893
0.868
0.851
0.810
0.768
0.714
0.655
S, against Y, gives a straight line, and
a plot of d, against X,, gives a straight line also.)
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The activity coefficients listed below were calculated
from Figures II, IV, XIX and XX.
Table XI
Activity Coefficients for Ethylene-Prooylene System
2500 4000
0.103 (1.048) 0.201 1.000
0.144 (1.038)
0.181 (1.020)
0.231 0.996
0.282 0.965
0.337 0.932
0.429 0.888
0.543 0.835
0.705 0.729
0.95 0.819 0.660
0.295 0.984
0.429 0.947
0.521 0.915
O.640 0.860
0.781 0.712
0.859 0.609
0.232 0.974
0.330 0.938
0.460 0.887
0.540 0.847
0.644 0.780
0.778 0.652
(The values in parentheses were not used in the Van
Laar type correlation.)
Van Laar Correlation
The coordinates of the points in Figures XXXI through
XXXIV are listed below.
Table XII
Coordinates of Van Laar
X/XT 1/JVT In Y,
Ethylene
0.290
0.510
0.639
0.806
1.025
1.422
0.230
0.472
0.620
0.825
1.111
1.584
0.0686
0.0823
0.0901
0.1010
0.1204
0.1518
0.0759
00.910
0.0997
0.1105
0.1240
0.1522
Correlation Plots
X0/X I//T In
000 Propane
250C
0.422
0.703
0.976
1.241
1.564
1.960
0.36o
O.632
0.1901
1.212
1.612
0.0779
0.0920
0.1060
0.1200
0.1376
0.1597
0.0786
0.0933
0.1073
0.1191
0.1303
2.115 0.1515
Y,
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Table XII
/VT In ý,X,/X. 1
Ethylene
0.234
0.487
0.653
0.869
1.180
1.719
Ethylene
0.134
0.222
0.304
0.364
0.435
0.514
0.623
0.786
1.159
1.893
0.151
0.289
0.462
0.589
0.789
1.222
2.0540
0.138
0.266
o.435
0.562
0.762
1.204
0.0716
0.0852
0.0921
0.1023
0.1131
0.1335
0.0401
0.0434
0.0463
0.0500
0.0537
0.0581
0.0658
0.0774
0.1024
0.1356
0.0458
0.0524
0.0629
0.0718
0.0867
0.1167
0.1487
0o.468
0.0537
0.0641
0.0720
0.0814
0.1127
4000
00C
250C
2C
(Cont'd)
Propane
1/VT 'In Y
0.310 0.0869
0.582 0.0974
0.849 0.1101
1.151 0.1232
1.532 0.1408
2.053 0.1503
Propylene
0.528
0.863
1.273
1.605
1.918
0.488
0.818
1.268
1.697
2.164
0.831
1.312
I. 780
2.300oo
3.755
0.0940
0.1078
0.1427
0.1757
0.2280
0.0822
0 .0995
0.1492
0.1943
0.2485
0.0864
0.1134
0.1388
0.1632
0.2236
The slopes and intercepts of the Van Laar plots are
listed below.
Table XIII
Slooes and Intercepts of Van Laar Plots
Temperature Slope Intercept Slope Intercept
13.
18.2
25.3
Ethylene
-0.602
-1.188
-1.677
Ethylene
16.71 -0.4875
16.0 -0.560
15.93 -0. 593
Propane
18.64 -1.012
25.45 -1.75
23.0 -1.693
Propylene
10.93 -0.324
9.16 -0.0962
22.2 -1.208
000
2500
4000
00
2500
4000
99
SMPTE CALCULATIONS
Isotherms
All the isotherm results were calculated in the
following manner. A point will be calculated for the 25%C
ethylene isotherm.
Original data:
Atmospheric pressure - 767.3 mm. Hg
Burette temperature - 28.000
Dead space volume - 6.76 ml.
Original gas volume in burette - 72.32 ml.
Data of point in question:
Gas volume in burette - 44.54 ml.
Corrected pressure - 676.6 mm. Hg
Calculations:
Total gas admitted = 72.32 -44.54 = 27.78 ml.
(767.3) ( 27.78 ) (1000)Millimoles gas admitted = (760)(82.06)(301)
" " " = 1.1343
" in dead space = (66 (6*76)100)(760) 82.06) 298)
S " " " T= 0.2459
Millimoles adsorbed= 1.1343 -0.2459 = 0.8884
Ethylene-Propane Mixtures
A calculation of the results for Run No. 28 will
serve to illustrate the method used for these mixtures.
Original data:
Atmospheric pressure -
Burette temperature -
Volume ethylene used -
Volume propane used -
768.5 mm. Hg
24.7"C
17.23 ml.
99.70 ml.
Dead space volume - 7.82 ml. S.T.P.
Unadsorbed gas less dead space - 84.17 ml.
Atmospheric pressure - 768.0 mm. Hg
Burette temperature - 25.300
00oo
Volume unadsorbed gas analyzed - 81.39 mi.
Volume propane left - 68.43 ml.
Calculations:
Ethylene at S.T.P. (17.23)2.2 15.98 ml.(760)(297.9) 
Propane a .T (99.70) ( 768.5)( 273.2)
Propane at S.T.P. = (760)(297.9) = 92.46 ml.
Unadsorbed gas at S.T.P. =
(84.17)(768.0)(273.2) 77.85 ml
(760)(298.5 85 m-.
Total unadsorbed gas = 77.85 +7.82 = 85.67 ml.
Propane unadsorbed = (85.67)(68.43)/81.39 = 72.03 ml.
Ethylene " = 85.67 -72.03 = 13.64 ml.
Propane adsorbed = 92.46 -72.03 = 20.43 ml.
Ethylene " = 15.98 -13.64 = 2.34 ml.
% Ethylene in gas = 13.64/85.67 = 15.9
% Ethylene adsorbate = 2.34/22.77 = 10.3
Relative Volatility = 72.03 (2.034) = 1.65
Millimoles ethylene adsorbed = 2.34/22.4 = 0.104
Millimoles propane adsorbed = 20.43/22.4 = 0.911
Ethylene-Propylene Mixtures
A calculation of the results for Run No. 43 will
serve to illustrate the method used for these mixtures.
Original data:
Atmospheric pressure - 769.6 mm. Hg
Burette temperature - 26.30C
Volume ethylene used - 30.80 ml.
Volume propylene used - 97.40 ml. (96.92% pure)
Dead space volume - 7.84 ml. S.T.P.
Unadsorbed gas less dead space - 83.76 ml.
Atmospheric pressure - 769.4 mm. Hg
Burette temperature - 27.400
Volume unadsorbed gas analyzed - 51.52 ml.
" " " " + air - 72.98 ml.
Volume after propylene removal - 38.80 ml.
Passes 
- 7; Constant decrease - 0.03 ml.
Volume after ethylene removal - 22.96 ml.
Calculations:
Ethylene at S.T.P. (30.80)(769.6)(273.2) = 28.45 ml.
""(760)(299 5) )= 28. m
Propylene at S.T.P. = (97.400)(96.92)(769.6)(273.2)(760)(299.5)
= 87.20 ml.
Air used = 72.98 -51.52 = 21.46 ml.
Inerts in gas analyzed = 22.96 -21.46 = 1.50 ml.
Ethylene analyzed = 38.80 -22.96 +7(0.03) = 16.05 ml.
Propylene " = 72.98 -38.80 -7(0.03) = 33.97 ml.
Ethylene + propylene = 16.05 + 33.97 = 50.02 ml.
Unadsorbed gas at S.T.P. =
(83.76)(50.02)(769.4)(273.2)
(51.52)(760)(300.6) 74.82 ml.
Gas in dead space = (784)50.2) = 7.61 ml.
Total unadsorbed gas = 74.82 +7.61 = 82.43 ml.
Ethylene unadsorbed = 82.43(16.05)/50.02 = 26.45 ml.
Propylene " = 82.43 -26.45 = 55.98 ml.
Ethylene adsorbed = 28.45 -26.45 = 2.00 ml.
Propylene " = 87.20 -55.98 = 31.22 ml.
% Ethylene in gas = 26.45/82.43 = 32.1
% Ethylene in adsorbate = 2.00/33.22 = 6.02
Relative Volatility = (2.600)(55.98) = 7.38
Millimoles ethylene adsorbed = 2.00/22.4 = 0.089
Millimoles propylene adsorbed = 31.22/22.4 = 1.392
Heats of Adsorption
The heats of adsorption were calculated from the
isotherm data by an integrated form of the Clausius-
Clapyron equation. The ethylene isotherm data will be
used to illustrate the method.
The heat of adsorption, q = RT,T•InP,/P, 102
T2. T,
Original data: (At n = 0.6 millimoles adsorbed/gram silica)
T, = 273*K
P, = 133 mm. Hg
T- = 313*K
P. = 589 mm. Hg
R = 1.99 calories/gram mol x OC
Calculation:
q (1.99)(273)(31)(ln 589/133) 610 calories/mol
(313 -273) 6,310 calories/ml
Calculated Equilibrium Diagram (Raoult's Law)
For a given gas composition, the adsorbate composition
was calculated from the isotherm data by assuming no
interference or interaction between the components. A point
will be calculated for the ethylene-propane system at 250C.
Subscript '1' will refer to ethylene and '2' to propane.
If Y, = 0.1, P, = 76 mm. Hg and P, = 684 mm. Hg.
The amount of each gas adsorbed at the above pressures is
read from Figures II and III.
n? = 0.174
n. = 1.422
n? +n, = 1.596
X0 = 0.174/1.596 = 0.114
Van Laar Correlation
The points for the correlations plots, Figures XXXI
through XXXIV, were obtained in the following manner. A
point will be calculated for the ethylene-propane system
at 2500.
If Y, = 0.2, P, = 152 mm. Hg and P.- = 608 mm. Hg.
Figures II and III give, no = 0.304 and no = 1.322.
Figures XI and XII give, n, = 0.170 and n, = 1.222.
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•,= o0.170/0.304 = 0.559
& = 1.222/1.322 = 0.924
Xt = 0.304/1.626 = 0.187
Xi = 0.813
In I. = 0.582
1/7JTn 1 . = 0.0759
XI/Xi = 0.187/0.813 = 0.230
-In Figure XXXI the slope and intercept are /J-/A and
-1/A respectively.
Slope = 18.2
Intercept = -1.188
A = 0.8415
B = -234.8
The constants for propane are determined in a similar
manner. At 25 0C they are,
A = 1.75
B = -370
These two sets of constants may be used with the two
following equations respectively.
B/T
In "' (1 + AX,/X,)
AB/Tn : (A + XX,)z
-234.8/298
At Y, = i0.2, in , = (1 + 0.8415x0.23) ' = -0.552
k, = 0.5755
n, = (0.5755)(0.304) = 0.175
=
(
.75) (-370)/298in = (1.75 + 1/00.23) = -0.0585
r = 0.943
n, = (0.943)(1.322) = 1.247
n, +n = 0.175 +1.247 = 1.422
X, = 0.175/1.422 = 0.123
4 04
ORIGINAL DATA
I sotherms
The data collected for the adsorption of ethylene on
silica gel at OOC follows.
Atmospheric pressure - 761.5 mm. Hg
Burette temperature - 25.50"
Dead space volume - 7.30 ml. at 768.6 mm. Hg
Table XIV
Burette vol. - Pressure Burette vol. - Pressa
ml. mm. Hg ml. mm. I
73.22 7.1 31.40 638.
72.91 9.0 27.20 752.
71.69 14.7 34.50 556.
68.83 30.5 46.35 302*.
63.20 75.0 59.65 107.•
57.20 140.4 63.50 69.
50.63 233.5 67.95 34.2
43.78 357.5 71.13 15.,
37.83 483.2
(Subtract 7.1 mm. Hg to correct pressure readings.)
The data collected for the adsorption of ethylene on
silica gel at 2500C follows.
Atmospheric pressure - 767.3 mm. Hg
Burette temperature - 28.000
Dead space volume - 6.76 ml. at 765.6 mm. Hg
Table XV
Burette vol. - Pressure Burette vol. - Pressa
ml. mm. Hg ml. mm. E
72.32 -1.7 44.54 674.-
71.35 12.5 42.13 762.1
67.90 63.7 45.54 642.
66.62 85.5 50.33 488.C
62.73 162.8 56.68 308.1
58.94 248,8 59.90 229.
55.17 345.4 65.83 105.1
48.24 550.3 70.42 24*E
(Add 1.7 mm. Hg to correct pressure readings.)
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The data collected for the adsorption of ethylene on
silica gel at 4000 follows.
Atmospheric pressure 
- 765.4 mm. Hg
Burette Temperature 
- 28.800
Dead space volume - 6.97 ml.
Table XVI
Burette vol. - Pressure Burette vol. - Pressure
ml. mm. Hg ml. mm. HS
72.67 0.0 48.30 763.7
71.55 20.0 49.90 696.2
67.90 100.9 54.24 524.6
66.00 150.3 61.20 284.6
63.70 214.1 66.92 121.7
59.62 342.5 68.88 73.7
56.63 444.0 70.53 37.5
51.90 620.3 71.90 10.6
The data collected for the adsorption of propane on
silica gel at 00C follows.
Atmospheric pressure - 762.2 mm. Hg
Burette temperature - 25.6*0
Dead space volume - 7.30 ml. at 768.6 mm. Hg
Table XVII
Burette vol. - Pressure Burette vol. - Pressure
ml. mm. Hg ml. mm. Hg
93.20 6.4 (41.85) 435.8
87.90 23.0 (31.55) 593.5
83.50 44.1 (21.45) 769.0
78.90 70.8 (26.35) 675.3
74.80 99.6 (36.50) 507.5
70.22 135.7 (54.05) 271.0
60.75 224.8 (70.10) 115.8
53.60 305.2 (75.60) 79.6
43.55 435.8 (82.25) 35.8
(Subtract 6.4 mm. Hg to correct presstkre readings. Add 1.70
ml. to correct volume readings in parentheses.)
The data collected for the adsorption of propylene on
silica gel at 000 follows.
(Propylene - 97% pure)
J 06
Atmospheric pressure - 761.5 mm. Hg
Burette temperature 
- 26.30C
Dead space volume - 7.30 ml. at 768.6 mm. Hg
Table XVIII
Burette vol. - Pressure Burette vol. - Pressu
ml. mm. Hg ml. mm. H
98.00 7.1 32.66 362.0
72.03 58.2 29.72 435.5
61.52 102.3 21.21 572.0
50.40 158.8 13.20 769.2
45.88 220.9
(Subtract 7.1 mm. Hg to correct pressure readings.)
The data collected for the adsorption of propylene on
silica gel at 25C0 follows.
Atmospheric pressure - 766.8 mm. Hg
Burette temperature - 26.50C
Dead space volume - 7.55 ml. at 768.6 mm. Hg
Table XIX
Burette vol. - Pressure Burette vol. - Presswu
ml. mm. Hg ml. mm. H•
93.75 1.8 55.07 283.6
91.05 6.2 52.17 355.0
84.30 36.0 45.00 460.8
74.63 93.4 41.56 552.5
74.50 76.0 36.80 651.8
63.31 200.1 32.60 770.0
(Subtract 1.8 mm. Hg to correct pressure readings. )
The data collected for the adsorption of propylene on
silica gel at 400C follows.
Atmospheric pressure - 761.5 mm. Hg
Burette temperature - 26.300
Dead space volume - 7.74 ml. at 768.6 mm. Hg
Table XX
98.00
86.40
83.47
81.86
73.80
7.1
61.0
82.8
102.5
192.2
70.02
61.07
56.87
52.85
47.30
re
9
257.5
414.0
511.3
613.5
773.0
e
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Mixture Data
The original data for the mixture equilibria are not
included in order to prevent unnecessary bulkiness. The
original data may be obtained from Dr. E. R. Gilliland,
B. Chertow or the author.
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NOMENGLATURE
a, a,, a2 - constant in Langmuir's equation.
A - constant in Van Laar' s equation.
b, b,, bj - constant in Langmuir's equation.
B - constant in Van Laar's equation.
c - constant in Freundlich's equation.
OC - degrees Centigrade.
Hg - mercury.
k - constant in Freundlich's equation.
mm. - millimeter.
ml. - milliliter.
n, n,, n1 - amount of gas adsorbed/unit weight of adsorbent.
p, p,, p, - equilibrium pressure.
q - heat of adsorption.
R - gas law constant.
T - absolute temperature.
X, X,, X, - mol fraction of component in adsorbate.
Y, Y,, Y, - mol fraction of component in gas.
a - relative volatility.
6, r,, 1, - activity coefficient.
Subs ipts:
1 - refers to the more volatile component.
2 - refers to the less volatile component.
Superscripts:
0 - refers to isotherm values.
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